Bacillus subtilis cells lacking the PerR repressor which regulates transcription of genes encoding oxidative stress protective proteins grew at 30^50% the rate of wild-type cells, and perR cultures accumulated rapidly growing suppressor mutants lacking the catalase whose expression is regulated by PerR. However, perR spores which retained the perR regulated catalase were obtained on plates. These perR spores had levels of oxidative stress protective proteins from 7-to 50-fold higher than those in wild-type spores, but perR spore resistance to heat, hydrogen peroxide and t-butyl hydroperoxide was essentially identical to that of wild-type spores, indicating that elevated levels of proteins that protect growing cells from oxidizing agents play no role in dormant spore resistance to these compounds. However, germinated perR spores were much more resistant to alkyl hydroperoxides than were wild-type spores. ß
Introduction
Reactive oxygen species such as hydrogen peroxide, superoxide and alkyl hydroperoxides are toxic byproducts of aerobic metabolism and cause many types of damage to cell constituents, including DNA [1, 2] . Since Bacillus subtilis generally produces energy by aerobic metabolism, this organism has a variety of enzymes that detoxify reactive oxygen species, including catalases [3] , alkyl hydroperoxide reductases [4, 5] and at least one superoxide dismutase [6] . B. subtilis also has a DNA binding protein termed MrgA whose synthesis is induced by oxidative stress or in stationary phase, and which protects DNA against oxidative damage [7] . The genes encoding the major vegetative cell catalase (KatA), the two subunits of one alkyl hydroperoxide reductase (AhpC and F) and MrgA are co-regulated by the PerR transcriptional repressor, which binds to a conserved element upstream of these genes [8] .
Not surprisingly, growing cells of perR mutants have s 10-fold elevated levels of KatA, AhpC, AhpF and MrgA, and exhibit greatly increased resistance to hydrogen peroxide and alkyl hydroperoxides [8, 9] .
Although protective enzymes are a major component of the resistance of growing and stationary phase B. subtilis cells to oxidizing agents, dormant spores, which are much more resistant to these agents than growing cells, appear to use a variety of other mechanisms. These include the relative impermeability and dehydration of the spore core, the absence of NAD(P)H, which will retard the Fenton reaction, and the protection of spore DNA by its saturation with K/L-type small, acid-soluble, spore protein (SASP) [10^12] . Previous work has shown that normal levels of MrgA and protective enzymes in spores, including the spore-speci¢c catalase, KatX, whose expression is not regulated by PerR, are not involved in dormant spore resistance to oxidizing agents [6, 8, 13] . However, it is possible that perR spores might have such elevated levels of oxidative stress protective proteins that these might become a signi¢cant component of spore resistance to oxidizing agents. Consequently, we have prepared perR and wild-type spores as well as spores lacking the two major K/ L-type SASP (termed K 3 L 3 spores) with or without the perR mutation, and analyzed their resistance as well as the levels of a number of proteins which protect growing cells against oxidative stress.
Materials and methods
2.1. B. subtilis strains used, preparation of spores and spore germination and outgrowth
The B. subtilis strains used in this work are given in Table 1 ; all are derivatives of B. subtilis 168. Note that the perR mutation was generated by an allelic replacement [8] . Spores were routinely prepared on 2USG plates [15] on which was spread V200 Wl of a fresh overnight colony from an LB plate (g l 31 : tryptone, 10; yeast extract, 5; NaCl, 10; agar, 15) suspended in 1 ml of 2USG medium. The plates were incubated for V48 h at 37³C, and the spores were puri¢ed and stored as described [15] . All spore preparations used were free ( s 98%) of growing or sporulating cells, germinated spores, or cell debris.
For spore germination and outgrowth, spores at an OD 600nm of V20 in water were heat-shocked for 30 min at 70³C. After cooling, the spores were diluted to an OD 600nm of 0.75^1 in 2USG medium plus 4 mM L-alanine, incubated with shaking at 37³C and the OD 600nm followed.
Enzyme and protein analyses
Extracts for analyses of KatA and AhpC were prepared by lysozyme disruption of spores from which coats had been removed by extraction with urea plus dithiothreitol and sodium dodecyl sulfate (SDS) [6, 15] . For catalase analyses, extracts were run on non-denaturing polyacrylamide gel electrophoresis (PAGE) and the gels stained for catalase activity as described [3, 6] . For analysis of AhpC, extracts were run on SDS^PAGE, proteins transferred to polyvinylidenedi£uoride (PVDF) membranes and AhpC detected immunologically on the membranes as reported [6] . For analyses of total soluble proteins in spores, V10 mg of dry spores were disrupted for 10 min in a dental amalgamator with 100 mg glass beads as the abrasive. The dry powder was extracted twice for 30 min with 0.5 ml of cold 50 mM Tris^HCl (pH 7.5), 5 mM EDTA and 0.1 mM phenylmethylsulfonyl£uoride. The supernatant £uids from these extractions were pooled and dialyzed overnight in the cold room in Spectra/Por 3 tubing (MW cuto¡ 3500 Da) against 500 ml of 1 mM Tris^HCl (pH 7.5) and 0.1 mM EDTA with one change. Aliquots were run on SDS^PAGE, proteins transferred to PVDF membranes which were stained with Coomassie blue R and several stained bands were excised and subjected to automated protein sequence analysis.
Spore killing
Assessment of spore killing by heat, hydrogen peroxide and t-butyl hydroperoxide was as described [6] . These analyses were carried out at least four times on spores of each genotype, with analyses of at least two independent spore preparations. For all experiments comparing spore resistance, the spores to be compared were prepared at the same time on the same batch of 2USG plates.
Other analytical procedures
Spore UV, octanol and lysozyme resistance was measured as described [15] . Resistance of growing cells to hydrogen peroxide or alkyl hydroperoxides was measured on plates using zone of inhibition assays as described [6, 8] ; zone of inhibition assays starting with dormant spores were carried out similarly. Analysis of spore coat proteins as well as electron microscopy of spores were also as described [16] . Analysis of dipicolinic acid (DPA) and SASP levels in spores followed published procedures [14, 17] .
Results and discussion
The perR mutant (PS2580) grew 2^3 times more slowly than wild-type (PS832) cells in LB medium [8] , and this was also the case in the 2USG medium used for spore preparation (data not shown). Given this di¡erence in Strains generated in this work were prepared by transformation of the strain to the right of the arrow with chromosomal DNA from the strain to the left of the arrow, with selection for Sp r .
growth rates, it is not surprising that the perR strain also gave smaller colonies than the wild-type strain on both LB and 2USG plates (data not shown). However, the perR strains consistently accumulated variants which: (a) retained the Sp r insertion in perR ; (b) had a colony size on LB plates as large as that of the wild-type strain; (c) gave colonies on LB plates that no longer had the brown pigmentation previously reported for perR colonies [8] ; and (d) grew as rapidly as the wild-type strain in liquid media (data not shown). Unlike the small perR colonies which had high levels of KatA and were extremely resistant to hydrogen peroxide [8] , these large colony variants lacked KatA and were more sensitive to hydrogen peroxide than their original wild-type parent (data not shown). Although the precise genetic change that results in the generation of the large colony variants from the perR strains is not clear (and see below), the appearance of these variants was of signi¢cant concern, especially in cultures that were incubated for the long periods needed to obtain good sporulation (see below). To ensure that all perR samples analyzed in this work retained the perR phenotype and thus KatA, perR cultures were started from fresh small colonies, and sporulating perR cultures and growing cells arising from perR spore preparations were checked for colony size, hydrogen peroxide resistance (by zone of inhibition assays [8] ) and KatA content (by nondenaturing PAGE [3, 6] ).
Because of the constant appearance of fast growing variants lacking KatA in perR cultures, we were unable to obtain good preparations of perR spores in liquid medium. Consequently, we prepared perR spores and their parents on 2USG plates and greater than 93% of the spores in these preparations had the small colony, high KatA phenotype (data not shown). Comparison of wild-type and perR spores and K 3 L 3 (PS356) and K 3 L 3 perR (PS2581) spores revealed no di¡erences in DPA content, and the K/L-type SASP level in wild-type and perR spores was also identical (data not shown). Both wild-type and perR spores also initiated germination at identical rates and initiated outgrowth at similar times, as judged by the time for the beginning of the increase in the optical density of the culture (Fig. 1) . However, the spores of the perR strain progressed through outgrowth and returned to vegetative growth more slowly than did the wild-type spores (Fig. 1) , consistent with the e¡ects of the perR mutation on cell growth rates noted above. In the medium used for spore outgrowth, the ¢rst vegetative cell division, de¢ned as the end of spore outgrowth, took place after V100 min with wild-type spores and after V130 min with perR spores (data not shown).
Previous work has shown that the perR mutation results in large increases in levels of KatA, AhpC and MrgA in growing cells [8, 9] . Analysis of the levels of these three proteins indicated that all were present in perR spores at levels v7^50-fold higher than in wild-type spores (Fig.  2A^C) . In contrast, the amount of spore-speci¢c catalase, KatX, whose coding gene is not under perR control [13] , was not altered in perR spores ( Fig. 2A) . Similar high levels of KatA were found in K 3 L 3 perR spores (data not shown). Since some of the perR spores which were analyzed in these experiments were decoated prior to extraction, the elevated levels of at least AhpC and KatA in these spores must be in the spore core. In previous work [8] , we had not seen elevated levels of KatA in perR spores, presumably because of the appearance of the fast growing variants which lacked KatA in these earlier experiments.
Given the elevated levels of protective enzymes in perR strains and the greatly elevated resistance of growing cells of these strains to oxidizing agents [8, 9] , it was of obvious interest to examine the resistance properties of perR spores. All of these measurements were carried out at least four times on two independent spore preparations with essentially identical results. Strikingly, perR and wildtype spores exhibited identical resistance to UV radiation, hydrogen peroxide and t-butyl hydroperoxide, although perR spores were slightly more sensitive to heat than were wild-type spores (Fig. 3 and data not shown) . Spore coat removal had no signi¢cant e¡ect on any of these resistance properties of wild-type and perR spores, as expected [10^12]. The slight increase in heat sensitivity of perR spores (seen in replicates of analyses on three di¡er-ent spore preparations) may be the result of a slight increase in the core water content of perR spores compared to that in wild-type spores [10, 11] , as the core wet density of perR spores was 1.403 and that of wild-type spores was 1.414 (data not shown). Possibly this latter variation is due to some slight di¡erence in the sporulation process in wildtype and perR cultures due to the slower growth of the latter strain. Spores lacking the two major K/L-type SASP (K 3 L 3 spores) are signi¢cantly more sensitive to heat and oxidizing agents than are wild-type spores [11, 12] . However, the perR mutation also did not alter the resistance of K 3 L 3 spores to oxidizing agents, and the UV and heat resistances of K 3 L 3 and K 3 L 3 perR spores were also identical (data not shown).
In contrast to the lack of any signi¢cant e¡ect of the perR mutation on dormant spore resistance, germinated perR spores were much more resistant than germinated wild-type spores to t-butyl hydroperoxide, as perR spores went through outgrowth and returned to vegetative growth in the presence of 2 mM t-butyl hydroperoxide while wild-type spores did not (Fig. 4) . These results were con¢rmed by zone of inhibition assays in which dormant spores were spread on plates; with 10 Wl of 1 M t-butyl hydroperoxide in the center of these plates, the zone of inhibition after 24 h of growth at 37³C was 25 mm with perR spores and V70 mm with wild-type spores. Analogous results were obtained in zone of inhibition assays using cumene hydroperoxide (data not shown). Previous work has shown that growing perR and wild-type cells also exhibit such large di¡erences in zone of inhibition assays with alkyl hydroperoxides [8] . Although growing perR cells are signi¢cantly more resistant to hydrogen Fig. 2 . A^C: Levels of various proteins in wild-type and perR spores. Extracts of wild-type (PS832) and perR (PS2580) spores were prepared and run on (A) non-denaturing PAGE (7%) or (B and C) SDS^PAGE (7% in B; 12.5% in C) as described in Section 2. In (A), the gels were stained for catalase activity; in (B), the proteins on the gel were transferred to a PVDF membrane and AhpC detected immunologically ; in (C), the gels were stained with Coomassie blue R; in all cases, the top of the gel is on the top of the ¢gure. The amounts of protein (and the source) run in the various lanes are: (A) 1, 4.8 Wg (wild-type) ; 2, 24 Wg (wild-type) ; 3, 1.9 Wg (perR), (B) 1, 10 Wg (wild-type) ; 2, 7 Wg (perR), (C) 1, 15 Wg (wild-type) ; 2, 15 Wg (perR). In (A), the A and X on the left denote the positions of KatA and the spore-speci¢c catalase KatX; the faint band above KatX in lane 3 is almost certainly a multimeric form of KatA, as seen previously [3] . In (B), the A on the left denotes the position of AhpC, as this band is missing in strain HB6507 (ahpC); other bands react non-speci¢cally with the antiserum used [6] . In (C), the a, b, c and d on the left denote the positions of molecular mass markers of 31, 22, 14 and 6.5 kDa, respectively ; the A on the right denotes a band which is elevated in perR spores which had the N-terminal sequence SLIGKEVLPF and is AhpC; the M on the right denotes a second band elevated in perR spores which had the N-terminal sequence MKTE-NAK and is MrgA; the dark bands at the bottom of the gel in both lanes 1 and 2 are various SASP, including K/L-type SASP. Comparison of the intensities of various bands in wild-type and perR spore extracts in the lanes shown as well as in lanes with other amounts of spore protein (not shown) indicated that levels of KatA, AhpC and MrgA in perR spores are v50-fold, 14-fold and 7-fold higher, respectively, than levels in wild-type spores. Fig. 3 . Resistance of wild-type and perR spores. Spores were incubated with hydrogen peroxide (7.5% at 24³C) or t-butyl hydroperoxide (0.73 M at 47³C) or incubated at 85³C, and spore survival determined as described in Section 2. The symbols used are: a, O and E, PS832 (wildtype) spores ; b, R and F, PS2580 (perR) spores; a, b, t-butyl hydroperoxide ; O, R, hydrogen peroxide; and E, F, heat.
peroxide than wild-type cells [8] , we could not reproducibly demonstrate any di¡erence in the outgrowth of wildtype and perR spores in the presence of hydrogen peroxide (data not shown). The reason for this is not clear, but may at least in part be due to the presence of KatX in germinated spores ; this catalase has been shown to be of primary importance in the resistance of germinated spores to hydrogen peroxide, and katX is not under PerR control [6, 8] .
The data in this communication lead to several signi¢-cant conclusions. First, elevated levels of products of genes in the perR regulon decrease both the rate and extent of cell growth. This e¡ect seems in part due to elevated levels of KatA, as fast growing variants arising in perR cultures had lost KatA; a katA perR strain (PS2640) also grew to an optical density about two times higher than achieved by the perR strain in LB medium, its colony size on LB medium plates was signi¢cantly larger than that of perR colonies, and the colonies no longer had the distinctive brown pigmentation of perR colonies (data not shown). Why greatly elevated levels of KatA would retard the extent of cell growth is not clear. Since elevated intracellular levels of hydrogen peroxide due to loss of catalase are mutagenic, at least in Escherichia coli [18] , one might imagine that reduction in hydrogen peroxide levels through overproduction of catalase could be bene¢cial; however, this is not the case. Perhaps the elevated levels of KatA in the perR strain result in overproduction of some toxic metabolite, the brown pigment accumulated in perR colonies being one possible candidate. One might also imagine that decreased levels of hydrogen peroxide could interfere somehow with spore coat assembly, as this process may involve the crosslinking of at least one coat component in a reaction catalyzed by a peroxidase [19] . However, we observed no di¡erences in the pattern of spore coat proteins extracted from perR and wild-type spores nor in the appearance of the coat areas of these spores in the electron microscope (data not shown). In addition, spore lysozyme and octanol resistance, thought to be determined by spore coat proteins and the spore cortex, respectively [20] , were una¡ected by the perR mutation (data not shown). It is of course possible that the elevated level of KatA in growing or sporulating perR cells does not in fact lower intracellular levels of hydrogen peroxide, or at least not in the area where the putative spore coat peroxidase operates, but this is a matter for further study. While the loss of KatA explains some of the changes in the fast growing variants accumulated in the perR strain, this change alone cannot be the explanation for these variants, as the katA perR strain grew at a rate similar to that of the perR strain in LB medium, and also accumulated fast growing variants (data not shown). Thus the precise genetic change giving rise to the fast growing variants in perR cultures remains unclear.
The second major conclusion is that greatly elevated levels of proteins that protect growing cells of B. subtilis against oxidative stress have no e¡ect on dormant spore resistance. This is not surprising in the case of alkyl hydroperoxide reductase, as this enzyme requires NADPH to reduce these potentially toxic chemicals and spores lack NADPH [11, 21] ; germinated spores, which contain NADPH [21] , were protected against alkyl hydroperoxides by the perR mutation. However, dormant spore resistance was also not increased by elevated levels of KatA and MrgA. In wild-type spores, spore DNA is already saturated with K/L-type SASP and thus elevated levels of MrgA might not be expected to increase spore resistance to oxidizing agents; however, even K 3 L 3 spore resistance was not increased by the perR mutation. However, examination of gels of soluble spore proteins (Fig. 2C) indicates that MrgA levels in perR spores, while much higher than in wild-type spores, are also much lower than those of the DNA protective K/L-type SASP; presumably there simply is not enough MrgA in K 3 L 3 perR spores to provide signi¢cant DNA protection. In the case of KatA, there is certainly su¤cient catalase to provide tremendous hydrogen peroxide resistance to the spore, if hydrogen peroxide kills spores by entering the spore core. At least with K 3 L 3 spores, which are killed by hydrogen peroxide in large part by DNA damage [12] , hydrogen peroxide clearly causes damage by entering the spore core, the site of both DNA and KatA. Since KatA levels in perR and K 3 L 3 perR spores are v 50-fold higher than in the parental spores without the perR mutation, and loss of normal levels of KatA reduces the hydrogen peroxide resistance Fig. 4 . Germination and outgrowth of wild-type and perR spores with and without t-butyl hydroperoxide. Spore germination and outgrowth were as described in Section 2, and where noted, t-butyl hydroperoxide was added to 2 mM 10 min after the initiation of spore germination. The symbols used are: a and b, PS832 (wild-type) ; O and R, PS2580 (perR); a and O, no t-butyl hydroperoxide ; and b and R, plus t-butyl hydroperoxide. Note that t-butyl hydroperoxide inhibited germination of both wild-type and perR spores somewhat, which is the reason that this compound was added after the initiation of spore germination.
of growing wild-type cells more than 5-fold [6] , the observation that perR and wild-type spores (and K 3 L 3 and K 3 L 3 perR spores) have identical hydrogen peroxide resistance indicates that in spores an individual KatA molecule must have 6 0.4% of the catalytic activity of a KatA molecule in growing cells. Indeed, it is most probable that KatA in spores is completely inactive, as has been suggested previously [11] . Presumably this enzymatic inactivity of KatA and other spore core enzymes is due to the speci¢c nature of the environment within the spore, most importantly the spore core's extreme but not complete dehydration [10, 11] . This preclusion of utilization of enzymatic defenses against oxidizing agents has thus forced the spore to evolve other mechanisms to deal with such agents, including restricting their access to the spore core and protecting spore DNA by the binding of K/L-type SASP.
